ABSTRACT The poppy stem gall wasp, Iraella luteipes (Thompson) (Hymenoptera: Cynipidae), is one of the main pests of the opium poppy, Papaver somniferum L., an economically important pharmaceutical crop cultivated worldwide. In a previous study, we obtained from I. luteipes larvae a strain of the entomopathogenic fungus Beauveria bassiana (Ascomycota: Hypocreales) that can become established endophytically in opium poppy plants. A Þeld experiment was conducted to study the ability of this B. bassiana strain to provide systemic protection against damage by I. luteipes in opium poppy in southern Spain for three seasons. Conidial suspensions were applied as seed dressings, leaf sprays, or soil sprays. The effect of the treatment was studied by harvesting fully ripened plants and dissecting I. luteipes larvae from the stem. The effect of treatment on growth and yield was also evaluated. Emergence of I. luteipes adults was not uniform over the 3 yr, with important differences exhibited in the duration of the emergence period, although the ßight peaks tended to occur in mid-late April. B. bassiana seed dressings, leaf sprays at the fourth true-leaf stage, and soil sprays were not signiÞcantly different in their ability to reduce the number of larvae per plant compared with the controls, with percentage reductions of 36. 5Ð58.5, 64.4 Ð73.4, and 51.9 Ð57.2% in 2005, 2006, and 2007, respectively. Even though the population level of I. luteipes increased over the 3 yr, the efÞcacy of the fungal inoculation in reducing the larval population was maintained throughout the study period. No signiÞcant differences between inoculation methods were detected in the percentage of leaf pieces showing fungal growth when placed on B. bassiana selective medium, with mean values in the range of 10 Ð15% for the three seasons. Leaf pieces from controls did not exhibit any sign of B. bassiana growth when placed on B. bassianaÐselective medium. Neither adverse effects on growth and yield nor symptomatic tissues were observed in B. bassiana-treated plants compared with controls in any of the three seasons.
The opium poppy, Papaver somniferum L., is an annual plant that is grown for its important alkaloids useful to the pharmaceutical industry, such as morphine, thebaine, oripavine, and codeine, which are extracted from the poppy seed capsules (INCB 2007 ). This crop is grown in an estimated 214,541 ha (INCB 2007) . Turkey is the worldÕs largest opium poppy producer (90,000 ha), followed by the Czech Republic (70,000 ha) and Ukraine (14,930 ha) (INCB 2007) . In Europe, other important opium poppy producers are France, Spain, Poland, Hungary, Slovakia, Austria, and Macedonia. In Spain, 8,000 ha are cultivated annually, producing a yield averaging Ͼ13,000 tonnes (INCB 2007) .
Although there are several insect species that feed on this crop, the poppy stem gall wasp Iraella luteipes (Thompson) (ϭTimaspis papaveris Kieffer in Goury and Gignon 1905) (Hymenoptera: Cynipidae) is the main insect pest of opium poppy in Europe (Chevin and Janvry 1980, Sedivy and Chilar 2005) , particularly in Spain (Goerlich 1997) . Females of I. luteipes lay their eggs within the stem. After hatching, larvae burrow inside the stem and feed, causing drastic yield losses. I. luteipes pupae remain in the opium poppy residues (mainly stems) left over after harvest and represent the main source of I. luteipes infestation for the next season. Chemical control of I. luteipes is difÞcult because egg, larvae, and pupae are cryptic, living inside the stem until the adults emerge. There is an urgent need to develop effective and environmentally safe control methods against this insect.
Microbial control agents may function as environmentally friendly control methods. In a survey of natural enemies of I. luteipes in southern Spain from 1995, a strain of Beauveria bassiana (Bals.) Vuill. (Ascomycota: Hypocreales) was found infecting I. luteipes larvae within the stems of opium poppy plants. Microbiological, molecular , and electron microscopic methods showed this strain to be capable of becoming endophytically established in the plant (QuesadaMoraga et al. 2006) . In this study, we investigated whether this endophytic B. bassiana strain might provide systemic protection against damage by I. luteipes in the opium poppy in southern Spain.
Materials and Methods
Experimental Site and Design. The experiment was carried out from 2004 to 2007 in an experimental area of 15,000 m 2 in the agricultural farm "La Proveedora" at É cija (Sevilla) in southern Spain (37Њ30Ј50.08Љ N, 5Њ13Ј00.06Љ W; 179 m above sea level). Opium poppy plants (cultivar nigrum) were used for all trials. The experimental area received a basal dressing of 500 kg/ha of 5Ð37-12 N-P-K fertilizer. Plants were irrigated as necessary by overhead sprinklers. The experimental area was surrounded by wheat crops. No other opium poppy crop was present, and other opium poppygrowing areas were at least 5 km away. No insecticides were used in the experimental area.
There were Þve treatments, although treatment number 3 was only evaluated in 2006: (1) opium poppy seed dressing with B. bassiana; (2) topical application of B. bassiana to leaf surface at the fourth true leaf stage; (3) topical application of B. bassiana to leaf surface at stem elongation (main shoot); (4) application of B. bassiana to soil surface; and (5) untreated control. Each treatment had four plots (replicates), each laid out in a randomized complete block design. Monitoring of I. luteipes Population. The pest population was monitored to know insect pressure on the plants tested during the three seasons. Yellow traps made of plastic dishes (15 cm diameter, 3 cm deep) were Þlled with a detergent solution and used to monitor I. luteipes ßight periodicity. Yellow was chosen because it was shown to be attractive to this cynipid pest through study of the attractiveness of colors (Goerlich 1997) . Adult sampling was done overall and not by plot. Five traps were set in the experimental area, four of them in the corners (as a square of 90-m side) and one in the middle. This trap count was chosen according to Goerlich (1997) . Traps were placed in the Þeld on 1 March (see Goerlich 1997) . Sampling was done every 2 d from the beginning of March to the end of May. Each sampling day, the specimens in each trap were collected and placed in a labeled glass jar (date and position of the trap). The detergent solution was replaced. The glass jars were brought to the laboratory, where I. luteipes individuals were identiÞed and counted. Temperature and relative humidity data were taken from a nearby meteorological station located 5 km away.
Fungal Strain and Cultivation. The B. bassiana strain EABb 04/01-Tip (C.R.A.F., University of Cordoba Entomopathogenic Fungi Collection, Cordoba, Spain) was isolated from dead I. luteipes larvae from a Þeld in Carmona (Seville). This strain was deposited with accession no. CECT 20744 on 24 September 2008 following the Budapest Treaty in the Spanish Collection of Culture Types (CECT) located at the University of Valencia. In addition, the ITS1Ð5.8S-ITS2 sequences from this strain were deposited in GenBank with accession numbers DQ364698 and DQ364699, respectively (Quesada-Moraga et al. 2006) . Monosporic cultures of this strain were grown on malt agar slants (MA) at 25ЊC in the dark and stored at 4ЊC. To obtain a conidial suspension, the isolate was grown in petri dishes on MA for 15 d at 25ЊC in the dark. Petri dishes were sealed with paraÞlm. Freshly harvested conidia from 15-d-old cultures were used in the experiments. Conidial suspensions were prepared by scraping conidia from petri dishes into an aqueous sterile solution of 0.01% Tween 80. The conidial suspensions were Þltered through several layers of cheesecloth to remove mycelia. To homogenize the inoculum, they were sonicated for 10 min (P-selecta Ultrasounds, Barcelona, Spain). Counts of viable or germinating conidia were done after 36 h of incubation at 25ЊC in MA, and the suspensions were kept in 4ЊC dark storage before use (Goettel and Inglis 1997) . The suspension used for this bioassay was adjusted by diluting with 0.01% Tween 80 to a Þnal concentration of 4.1 ϫ 10 7 conidia/ml.
Plant Inoculation
Opium Poppy Seed Dressing With B. bassiana. Each of two batches of opium poppy seeds was dressed with either the conidial suspension or sterile 0.01% Tween 80 (control) using a modiÞed Burgerjon spray tower (Burgerjon 1956 ). The tower was Þtted with an air-atomizing nozzle mounted in a nozzle body (Holding Air Brush Kit Model AB-124, Hanker, Taiwan) connected to a regulator valve (Atlantis PT3500, EEUU Atlantis, Maryland), which provided a constant airßow of 10 liters/min with a spray deposition of 0.1 l/mm 2 (resulting from spraying of a 1-ml aliquot). By counting viable or germinating conidia after 36 h of incubation at 25ЊC, we estimated that the used suspension produced a deposition of 5,000 conidia/mm 2 . Topical Application of B. bassiana to Leaf Surface. The conidial suspension (4.1 ϫ 10 7 conidia/ml) or the sterile 0.01% Tween 80 (control) was applied to opium poppy plants at the fourth true-leaf stage by spraying with a manual hand sprayer (Tecnoma, Epernay, France), with mono arms frame boom front using four ßat spray nozzles (50-cm spacing) and an electric compressor sprayer system with a pressostat pressure controller. The nozzle height above the ground was 0.4 m and the working pressure was 303.9 kPa. The suspension distribution pattern overlapped at 2 m.
In the 2006 growing season, an additional treatment was performed: spraying plants at stem elongation (main shoot), at which moment oviposition time was closer than at four true leaves stage, following the same experimental design and protocol as the spraying of the fourth true-leaf stage plants.
Application of B. bassiana to Soil Surface. The conidial suspension (4.1 ϫ 10 7 conidia/ml) or the sterile 0.01% Tween 80 (control) was applied by spraying the soil surface 2 d before sowing with the same manual hand sprayer and spraying conditions. The conidial suspension was applied at a rate of 300 liters/ha. Untreated Control. The untreated control plots received a 0.01% solution of Tween 80 in sterile distilled water administered at the same time and in the same manner as all the above treatments. There was therefore only one control group, which was treated each time a treatment was made to the other plots.
Collection of Data. The effect of the treatment on the incidence of the pest was investigated by randomly sampling 20 fully ripe plants per plot. Poppy is harvested as "straw" heads, including a small portion of the stem. Plants were returned to the laboratory where stem length and number and weight of seed capsules were recorded. Then, the stems were split longitudinally, and the total number of larvae per plant was recorded. In addition, the remaining opium poppy plants from each 20-m 2 plot were harvested by hand, and the total weights of the heads, capsules, and seeds were obtained for each plot.
Determination of Fungal Endophytic Colonization. Ten days before harvesting, the endophytic colonization was ascertained by reisolation after surface sterilization of 2 mm 2 (1 by 2 mm) segments (one segment per leaf) of 20 green presenescent leaves randomly selected from each of the 20 plants (one per plant) used to study the effect of the treatment on the incidence of the pest. The sections were cut and surface-sterilized with 1% sodium hypochlorite for 3 min, rinsed twice in sterile distilled water, and placed on sterile wet Þlter paper. They were processed individually in 50-mm-diameter petri dishes. Using sterile techniques, the leaf pieces were placed on B. bassianaÐ selective medium (Chase et al. 1986 ) (2% oatmeal infusion, 2% agar, 550 g/ml dodine, 5 g/ml chlortetracycline, and 10 g/ml crystal violet). The presence or absence of B. bassiana growth from the leaf samples was recorded after 10 d of incubation at 25ЊC. Using morphology allows us identifying B. bassiana colonies with 99% success.
Statistical Analysis. All analyses were carried out using the program SPSS 11.0 for Windows (SPSS, Chicago, IL). Data on the number of I. luteipes adults per trap or I. luteipes larvae per plant were analyzed using one-way analysis of variance (ANOVA), and the least signiÞcant difference (LSD) test was used to compare means. Before conducting ANOVA, all percentages were transformed using the arcsine transformation (Steel and Torrie 1980) . However, data shown in Table 1 are the original untransformed data. The percentage of leaves showing positive isolation for each inoculation method was compared statistically using a Tukey (honestly signiÞcant difference [HSD]) test (P ϭ 0.05).
Results
The Þrst I. luteipes adults were detected in the Þeld during mid-April in 2005, early April in 2006, and the end of March in 2007 (Fig. 1) . The course of emergence was not uniform over the 3 yr, with important differences in the duration of the emergence period, (Fig. 3) . However, in the three seasons, treatment with B. bassiana had a signiÞcant effect on the number of larvae per plant (F 3,16 ϭ 4.87; P ϭ 0.019 for 2005, F 4,19 ϭ 7.6; P Ͻ 0.001 for 2006, and F 3,15 ϭ 4.7; P ϭ 0.022 for 2007), with inoculated plants having signiÞcantly fewer larvae than the controls did (Fig. 3) . In the 2005 trial, the three inoculation methods were not signiÞcantly different in how much they reduced the number of larvae per plant, with a 36.5Ð58.5% reduction with respect to control plants and mean values of 2.6 Ϯ 0.3, 1.7 Ϯ 0.3, and 1.8 Ϯ 0.3 larvae per plant for soil spray, seed dressing, and leaf spray at the fourth true-leaf stage, respectively (Fig. 3) . In the 2006 trial, soil spray, seed dressing, and leaf spray at the fourth true-leaf stage were not signiÞcantly different (mean values of 6.9 Ϯ 0.6, 9.2 Ϯ 0.7, and 8.7 Ϯ 0.6 larvae per plant, respectively), showing a 64.4 Ð73.4% reduction compared with control plants. However, all three forms of application performed better than leaf spray at stem elongation (11.4 Ϯ 0.7 larvae per plant; Fig. 3 ). Finally, in the 2007 trial, when the I. luteipes population reached its maximum level, all inoculation methods were not signiÞcantly different in their reduction of the number of larvae per plant, with a 51.9 Ð57.2% reduction over control plants and mean values of 57.6 Ϯ 2.8, 51.2 Ϯ 3.2, and 51.8 Ϯ 4.5 larvae per plant for soil spray, seed dressing, and leaf spray at the fourth true-leaf stage, respectively.
In the three seasons, treatment with B. bassiana had a signiÞcant effect on the percentage of leaf pieces showing fungal growth when placed on B. bassiana selective medium (F 3,78 Table 1 ).
Discussion
This study showed reduced frequency of I. luteipes larvae in opium poppy plants inoculated with the endophytic EABb 04/01-Tip B. bassiana strain and showed its potential use as a valuable biological control agent for managing the poppy stem gall wasp. Fungal endophytes represent a possible new strategy for biological control (Backman and Sikora 2008, Vega 2008) . Different genera of fungal entomopathogens have been reported to be naturally occurring fungal endophytes, and it has been shown that it is possible to inoculate plants with fungal entomopathogens, making them endophytic (Photita et al. 2001; Cao et al. 2002; Vega 2005, 2006; Akello et al. 2007; Posada et al. 2007 ). This is particularly true for B. bassiana, which has been found to be a natural endophyte of ϳ14 different plant species (Vega 2008 . However, to our knowledge, systemic protection against insect pests by endophytic B. bassiana under Þeld conditions has been reported only in Mean number (± SE) of Iraella luteipes larvae per plant maize (Bing and Lewis 1991 , Lewis et al. 2001 , Cherry et al. 2004 .
Iraella luteipes larvae feed in the vascular tissues of the opium poppy with no exposure during their life cycle to external plant surface. Thus, the use of B. bassiana as an opium endophyte is the only technique that allows targeting of the larvae, which are the damaging stage. This technique has further advantages in that endophytic B. bassiana are less exposed to the side effects of abiotic and biotic factors and require little inoculum, drastically reducing application cost (Backman and Sikora 2008). However, both the amount of inoculum required per hectare to protect the crop against the pest and the possible impact of the treatment on the nontarget organisms will depend on the inoculation method.
Our results indicated that B. bassiana soil spray, seed dressing, and leaf spray application at the fourth trueleaf stage were not statistically different in reducing the number of larvae per plant compared with the controls, with percentage reductions of 36. 5Ð58.5, 64.4 Ð73.4, and 51.9 Ð57.2% in 2005, 2006, and 2007, respectively . Leaf spray at stem elongation, which was evaluated only in 2006, performed worse than the other three treatments. This could be a result of the effect of UV inactivation because this treatment was performed by mid-April, ϳ5 mo later than the other treatments, at which moment the solar radiation was very much stronger. Further research at Þeld conditions using a formulation of EABb 04/01-Tip with a UV-protecting agent is needed to really know the cause of this underperformance. No signiÞcant differences between inoculation methods were detected in the percentage of leaf pieces showing fungal growth when placed on B. bassiana selective medium, which ranged between 10 and 15% for the three seasons. These values show a good degree of endophytic colonization because the evaluation was performed at harvest ϳ8 mo after treatment. Likewise, Bing and Lewis (1992) clearly showed that percentage of corn plants colonized by B. bassiana steadily decreased throughout plant maturation, with mean values in the range of 6 Ð 44% at whorl, 11Ð30% at pretassel, and only 2Ð 8% at harvest. In any case, the sensitivity of the microbiological method used in this study to ascertain endophytic colonization is low compared with molecular techniques based on polymerase chain reaction (PCR), in which very few fungal fragments and propagules may be detected within the plant. Our present research is directed to develop a molecular marker for EABb 04/01-Tip isolate.
In all treatments, neither adverse effects on growth and yield nor symptomatic tissues were observed in B. bassiana-treated plants compared with controls in any of the three seasons. Thus, the relationship B. bassiana has to the opium poppy can be inferred to be one of a true endophyte (Backman and Sikora 2008) . In the three seasons, stem length of control plants was generally slightly inferior to that of plants inoculated with any of the methods, which could support the hypothesis that improvements in plant health derived from the presence of mutualistic microorganisms may compensate energy lost by the plant in the production of endophyte biomass (Backman and Sikora 2008) .
Leaf spray and seed dressing have been shown to be the best B. bassiana inoculation methods against stem borer larvae in maize (Bing and Lewis 1991 , Lewis et al. 2001 , Cherry et al. 2004 , Posada et al. 2007 , whereas in bananas, leaf spray outperformed soil inoculation in terms of percentage of tissue colonization (Akello et al. 2007 ). From our results, it can be concluded that any inoculation methods could be used to reduce pest population, although it seems that seed dressing requires the minimum inoculum, therefore reducing the application cost. Further research on in planta distribution of EABb 04/01-Tip strain is needed to determine whether fungal presence is systemic or localized and whether there is vertical transmission through the seeds, which should make the approach attractive to companies looking to produce inoculated seeds in the Þeld to be used for sowing. This work indicated that endophytic colonization of opium poppy plants with the EABb 04/01-Tip strain reduces I. luteipes damage 36.5Ð73.4% compared with untreated controls. Thus, it may be effective while maintaining good pest control efÞcacy and adequate yields. Moreover, although the population level of I. luteipes increased progressively over the 3 yr, the percentage efÞcacy of B. bassiana inoculation in reducing the number of larvae per plant was maintained throughout the study period. Thus, depending on pest incidence and economic threshold, this endophytic strain could be used alone or in combination with a chemical in an integrated pest management (IPM) approach. The chemical could provide near instantaneous reduction of the adult population, while the fungal strain could provide continuing control well into the crop production cycle. Notably, fungal treatment of the seeds reduces costs and environmental impact while allowing the biological agent to build up momentum for biological control (Backman and Sikora 2008) .
According to Vega (2008) , fungal endophytes seem to work against insects through antibiosis or feeding deterrence. The results of this study do not show how the signiÞcant reduction of I. luteipes larvae in treated plants occurred. One might expect that larvae succumbing to infection from B. bassiana would be found within the plants, but very few dead larvae were observed. As long as the plants were harvested and dissected in the stage of full ripeness (late June), when only Þfth instars and prepupae were observed, one could argue that the majority of mortality occurred in Þrst-instar larvae (ϳ0.2 mm in length) at stem elongation in late April or early May (Goerlich 1997) . Indeed, our previous work clearly indicated that I. luteipes neonates are the most susceptible to EABb 04/01-Tip strain infection (Quesada-Moraga et al. 2006) . However, further research aimed at understanding the ecology and mode of action of EABb 04/01-Tip and its role as a fungal endophyte is needed.
The use of fungal endophytes is a fascinating emerging tool for biological control. The data presented here provide evidence of the systemic protection of opium poppy against I. luteipes by an endophytic strain of B. bassiana. This study focused on developing a molecular marker for this B. bassiana strain to be used to monitor the in planta distribution of the fungus and determine whether it is recycled in the opium poppy residues left over after harvest because they are the main source of I. luteipes infestation for the next season.
